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ABSTRACT Plant viruses are a class of plant pathogens that specialize in movement from cell to cell. As part of their
arsenal for infection of plants, every virus encodes a movement protein (MP), a protein dedicated to enlarging the pore
size of plasmodesmata (PD) and actively transporting the viral nucleic acid into the adjacent cell. As our knowledge of
intercellular transport has increased, it has become apparent that viruses must also use an active mechanism to target the
virus from their site of replication within the cell to the PD. Just as viruses are too large to ﬁt through an unmodiﬁed
plasmodesma, they are also too large to be freely diffused through the cytoplasm of the cell. Evidence has accumulated
now for the involvement of other categories of viral proteins in intracellular movement in addition to the MP, including
viral proteins originally associated with replication or gene expression. In this review, we will discuss the strategies that
viruses use for intracellular movement from the replication site to the PD, in particular focusing on the role of host mem-
branes for intracellular transport and the coordinated interactions between virus proteins within cells that are necessary
for successful virus spread.
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INTRODUCTION
Among the major plant pathogen groups (bacteria, fungi,
nematodes, and viruses), viruses are unique because they
live exclusively in the symplast of their host. This ‘lifestyle’
requires that plant viruses move between cells to re-initiate
infections in order to accumulate in sufﬁcient levels and tis-
sues to guarantee their survival. A second feature that dis-
tinguishes plant viruses from other types of pathogens is
their small genome size. A virus must accomplish successful
infection of a plant utilizing a very limited amount of ge-
netic material; some plant virus genomes may encode as
few as three proteins, whereas 10–15 proteins would be
the upper limit for most viruses. Consequently, any gene
present in a viral genome after generations of selection
must have an essential function(s). One class of protein
encoded in every virus genome is the movement protein
(MP)—a protein shown through genetic and cell biolo-
gical studies to be required for virus intercellular movement
and to modify plasmodesmata (PD): the symplasmic
tunnels between cells that are the gateway for this
movement.
The requirement for viruses to modify PD for their move-
ment was recognized many years ago as it became obvious
that, no matter the form of the virus capsid in a cell, it would
be too large to ﬁt through an unmodiﬁed PD. Importantly,
even the naked genomic viral nucleic acids have too large
an effective diameter to pass through PD. Thus, one of the
key functions of the viral MP is to enlarge PD to allow passage
of some form of the virus into the adjacent cell (Wolf et al.,
1989). The MP also plays an active, if less deﬁned, role in
the physical movement of the virus across the PD. Plant virus
MPs can be divided into two broad categories, based on the
degree of structural changes they induce in the plasmodesma
and the form of the viral nucleic acid–protein complex that
travels through the PD (Scholthof, 2005; Benitez-Alfonso
et al., 2010; Niehl and Heinlein, 2011). Some viral MPs, as ex-
empliﬁed by the MP of Tobacco mosaic virus (TMV), increase
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of an MP–RNA aggregate, but do not cause obvious visual
changes to the PD structure. Other MPs, such as those of
Cowpea mosaic virus (CPMV) or Cauliﬂower mosaic virus
(CaMV), are involved in dramatically restructuring the PD
by apparently removing the desmotubule, the appressed
endoplasmic reticulum (ER) within PD, leading to an expan-
sion of the pore to allow for movement of virions with diam-
eters up to 50 nm. These viruses are thought to convert
the PD into a tubule. Several recent reviews have focused
on the structure of PD and the contribution of viral MPs
to intercellular movement (Benitez-Alfonso et al., 2010;
Niehl and Heinlein, 2011; Tilsner et al., 2011; Ueki and
Citovsky, 2011).
As our knowledge of the function of viral MPs and virus
movement has increased, it has become apparent that viruses
must also use an active mechanism to move from the site of
replication within the cell to the PD. Most plant viruses rep-
licate in cells in association with host membranes, which can
be modiﬁed to form a reaction vessel for the viral replicase
(Laliberte ´ and Sanfac xon, 2010). Other viruses such as CaMV
are considered to replicate in inclusion bodies of viral origin,
but, even in this case, recent evidence suggests that the inclu-
sions are associated with the host cytoskeleton and ER
(Harries et al., 2009a). Consequently, there is a requirement
for the viral nucleic acid to travel some distance in the cyto-
plasm from the replication site to the PD. It has been esti-
mated that molecules up to 500 kDa can diffuse freely in
the cytoplasm of eukaryotic cells (Seksek et al., 1997; Luby-
Phelps, 2000) but plant virus nucleic acids and virions far
exceed this sizeand are thought toneed anactive mechanism
for intracellular movement (Harries et al., 2010; Niehl and
Heinlein, 2011). In essence, if PD are the doorway out of
the cell, then plant viruses must possess the tools to ﬁnd
the door as well as the keys to unlock the door.
In early models of cell-to-cell movement, the viral MP
alone was thought to be responsible for intracellular move-
ment as well as intercellular movement. However, evidence
has accumulated now for the involvement of other catego-
ries of viral proteins in intracellular movement, including
those originally associated with replication or gene expres-
sion. In this review, we have chosen to highlight two aspects
involved in virus movement that appear critical for this ac-
tivity: virus protein interactions with host membranes for in-
tracellular transport and the coordinated interactions
between virus proteins within cells that are necessary for
successful virus spread. Multiple recent reviews discuss other
aspects of virus movement in greater detail and the reader is
guided to these for additional information in this area
(Lucas et al., 2009; Harries et al., 2010; Verchot-Lubicz
et al., 2010; Harries and Ding, 2011; Niehl and Heinlein,
2011; Tilsner et al., 2011). Also, the reader is directed to
an earlier review by Epel (2009) that speciﬁcally discusses
the inﬂuence of host membranes on virus movement for
further historical perspective on this topic.
INTRACELLULAR MOVEMENT OF PLANT
VIRUSES WITH MPS NOT ASSOCIATED
WITH TUBULE FORMATION
Genus Tobamovirus
TMV, a monopartite RNA virus and a member of the family
Virgaviridae, is one of the most intensively studied of the plant
viruses utilized to understand virus intercellular movement.
TMVencodesanMPthatbelongstothe30Ksuperfamilyofviral
MPs (Melcher, 2000) and the literature on its MP has helped
form the classic deﬁnition of an MP (reviewed in Haywood
et al., 2002; Harries and Nelson, 2008). Because our knowledge
of the TMV MP has set the standard for MPs of this type, it is
usefultodiscussthisproteininsomedetail here.Thereisalarge
body of work, particularly through genetic analyses using
mutant viruses, indicating that the TMV MP is necessary for in-
tercellular spread (reviewed in Niehl and Heinlein, 2011). Early
studies identiﬁed TMV mutants with altered MP sequences that
were defective in intercellular movement at restrictive temper-
ature(Jockusch,1968;Nishiguchietal.,1978)butwhosenormal
movement was restored in MP transgenic plants (Deom et al.,
1987; Meshi et al., 1987). In more detailed molecular and cell
biological studies, the TMV MP was determined to localize to
PD and increase the SEL (Wolf et al., 1989; Atkins et al., 1991;
Ding et al., 1992). TMV MP also bound ssRNA (Citovsky et al.,
1990) and facilitated the transport of both itself and viral
RNA (vRNA) between cells (Waigmann and Zambryski, 1995;
Nguyen et al., 1996; Kotlizky et al., 2001).
Despite the large amount of evidence that TMV MP is nec-
essary for intercellular virus movement through manipulation
of the PD, we only have a few pieces of evidence at this point
that give us some clue as to its function at the PD. For example,
recent results indicate that the TMV MP has microﬁlament sev-
ering activity and that this may be related to the ability of the
MP to increase the SEL (Su et al., 2010). These data support ear-
lier ﬁndings that disruption of actin ﬁlaments can result in an
increase in SEL (Ding et al., 1996). TMV MP’s ability to increase
PDSELisalsolikelyduetodecreasesincallosedepositionatthe
PD. It was recently found that TMV MP interacts with a host
receptor, an ankyrin repeat containing protein (ANK), at the
PD and that this interaction results in a decrease in callose
and an increase in virus intercellular movement (Ueki et al.,
2010). It is also interesting to note that TMV MP interacts with
calreticulin, a protein involved in Ca
2+ sequestering and at
times associated with the ER and its lumen, at the PD (Chen
et al., 2005). Although the signiﬁcance of this interaction
remains unclear, overexpression of calreticulin redirects MP
from the PD to microtubules and signiﬁcantly slows virus
spread. Phosphorylation may also play a role at the PD, since
acellwall-speciﬁckinase,PAPK1,co-localizeswiththeTMVMP
at PD in Arabidopsis and was shown to phosphorylate TMV MP
in vitro (Lee et al., 2005). It is possible that this kinase is essen-
tial for completing the transport of a viral MP–vRNA complex
to the next cell to initiate the next round of infection. Indeed,
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infection in protoplasts, but can establish infection when in-
troduced into plants (Karpova et al., 1997).
In fact, TMV MP can be phosphorylated in additional mul-
tiplelocations (e.g.Watanabe etal.,1992; Citovskyetal.,1993;
Haley et al., 1995) and these phosphorylation sites may be crit-
icalforitsmovementfunction(Waigmannetal.,2000).TheMP
of Tomato mosaic virus is also phosphorylated in vitro by CK2
kinase (Matsushita et al., 2003) and a CK2-like kinase from Ni-
cotiana tabacum can phosphorylate the Potato virus X TBGp1
MP (Mo ´dena et al., 2008). The association of MP with ER mem-
branes has been linked to TMV replication and movement
(Heinlein et al., 1998; Reichel and Beachy, 1998; Ma ´s and
Beachy, 1999; Guenoune-Gelbart et al., 2008) and it is possible
that MP phosphorylation/dephosphorylation events at the ER
might be key in controlling these processes in infected cells.
Indeed, Karger et al. (2003) demonstrated that an MP-speciﬁc
ER-associated protein kinase could phosphorylate a speciﬁc
threonine residue (Thr
104) in the TMV MP. Mutation of
Thr
104 to mimic phosphorylation resulted in a severe decrease
in intercellular virus spread. Recent evidence suggests that
other amino acids (C-terminal portion) of the MP are phos-
phorylated at the ER in the early stages of infection before
the virus has traveled to the cell wall; however, the effects
of this phosphorylation on replication or movement are not
yet clear (Tyulkina et al., 2010). While the TMV MP is essential
for virus intercellular movement, it is not the only viral or host
component that acts to facilitate movement. TMVreplicates in
virus replication complexes (VRCs) that contain virus particles,
virus-encoded 183 and 126-kDa proteins, MP, and vRNA as well
as host components such as the ER, ribosomes, b-tubulin, and
EF1-a (Shalla, 1964; Esau and Cronshaw, 1967; Beachy and
Zaitlin, 1975; Heinlein et al., 1998; Ma ´s and Beachy, 1999;
dos Reis Figueira et al., 2002; Ding, X.S. and Nelson, R.S., un-
published). The size of VRCs in infected cells is directly related
to the severity of the infection (Liu et al., 2005) and, although
the function of the VRCs is not entirely clear, as the name
implies, they are believed to be sites of virus replication and
translation (Heinlein et al., 1998; Ma ´s and Beachy, 1999).
If TMV likely replicates in VRCs associated with the ER, what
mechanism governs the transport of its RNA to the PD? When
considering this question, it is important to recognize that the
ER itself is intimately involved in trafﬁcking cellular macromo-
lecules. The ER is a core component of the endomembrane sys-
tem—a system that is ﬂuid and yet composed of unique
membrane components within individual organelles (Hanton
et al., 2007; Moreau et al., 2007; Bassham et al., 2008; Sparkes
et al., 2009). Protein and membrane trafﬁcking is often dis-
cussed in the context of vesicles moving from the ER to the
Golgi and then the plasma membrane (PM; Figure 1). ER-
to-Golgi transport involves vesicles containing a host coat
protein complex II (COP-II). Transport of membrane and pro-
teins from the ER to the peroxisome and chloroplast have also
been suggested. This transport from the ER is associated with
biosynthetic activities and, as such, is a forward, or anterog-
rade,activity.Anterogradetransportisbalancedbyretrograde
transport. Most often, retrograde transport is associated with
endocytosis where cargo is returned from the PM through
endosomes to the vacuole. Transport from the Golgi to the
ER involves vesicles containing a host coat protein I (COP-I).
These characteristics require a regulatory system composed
of an extraordinary number of signaling and receptor mole-
cules (Bassham et al., 2008). Proteins that regulate this system
to maintain order include unique proteins involved in forming
vesicles (e.g. coat GTPases, GTP-exchange factors (GEFs), vesicle
coat proteins), labeling vesicles (e.g. v-SNARES), and receiving
vesicles at the receptor membrane (e.g. Rab-GTPases, t-
SNARES). Beyond classical signaling and receptor proteins,
the inﬂuence of integral and peripheral membrane proteins
on the speciﬁcity and ﬂuidity of membrane themselves (e.g.
lipid raft regions) for protein association and movement also
must be considered (Tilsner et al.,2011). It seems very likelythat
TMV utilizes aspects of this host endomembrane system for its
intracellular movement.
As noted, both the TMV MP and the replicase components,
the126and183-kDaproteins,associatewiththeER.Earlystud-
ies showed that TMV infections cause severe modiﬁcations to
the ER: with conversion of tubular ER into large aggregates
that revert to tubular ER late in the infection (Reichel and
Beachy, 1998). This ER modiﬁcation was visually phenocopied
by expression of MP–GFP in the absence of virus. The MP asso-
ciates with membranes and has two putative transmembrane
domains(ReichelandBeachy,1998;Ma ´sandBeachy,1999;Brill
et al., 2004; Fujiki et al., 2006), although the presence of trans-
membrane domains has been questioned (see within Tilsner
et al., 2011). More recently, it has been shown through dual
labeling experiments that ectopically expressed MP–mRFP
sometimes ﬂows with GFP-labeled ER (Sambade et al.,
2008). The association of the TMV MP with membranes can
be inhibited by eliminating MP phosphorylation at a speciﬁc
amino acid that may destabilize the MP (Fujiki et al., 2006).
However, even though association of the TMV MP with the
ER was essential for virus intercellular movement, it was not
sufﬁcient for movement (Fujiki et al., 2006). In addition, as
noted previously, an ER-associated kinase speciﬁc for TMV
MP was identiﬁed and mutation of a speciﬁc amino acid to
mimic phosphorylation inhibited virus intercellular transport
(Karger et al., 2003). Thus, phosphorylation in this instance
may turn off MP activity rather than act as a positive regulator.
In addition to the TMV MP, the 126-kDa protein also has
characteristics that suggest it may have a role in intracellular
movement.TheTMV126-kDaproteinisknownprimarilyforits
involvement in symptom formation (Shintaku et al., 1996), its
role in enhancing the replication of TMV (Ishikawa et al.,
1986; Lewandowskiand Dawson,2000), anditsERassociation
(Heinlein et al., 1998), but evidence also exists that it is re-
quired for virus movement. Hirashima and Watanabe (2001,
2003) demonstrated that a chimeric TMV with amino acid
changes in the helicase domain of the 126-kDa protein was de-
fective in intercellularmovement,but replicated normally. The
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of forming inclusion bodies (126-bodies) when ectopically
expressed (Ding et al., 2004). TMV VRCs and 126-bodies form
an association with ER possibly through the membrane-bound
host protein, TOM1 (Yamanaka et al., 2000; Hagiwara et al.,
2003), and also are associated with actin microﬁlaments and
Figure 1. Cellular Membranes and Virus Intra/Intercellular Movement.
(A, B) Schematics of the host cell endomembrane system illustrate the association of virus proteins with a known movement function (black
text) from both non-tubule-forming viruses (A) and tubule-forming viruses (B) with host membranes. Only those proteins whose locali-
zation has been demonstrated in plants are shown. Host proteins that are known to mediate such interactions are shown where applicable
(green text). PVX and BSMV are shown as representatives of the potex-like and hordei-like viruses, respectively. There are additional virus
proteins in these categories that associate with membranes but that are not included due to space limitations. DNAJ, class of chaperone
proteins; Ara7, Rab5 GTPase ortholog and a marker for early endosomes; Syn, synaptotagmin, a clathrin-associated, SNARE-interacting
protein; CRT, calreticulin; REM, remorin, a plasma membrane protein; KNOLLE, T-SNARE; PDLPs, plasmodesmal localized proteins;
At-4/1, Arabidopsis protein localized to plasmodesmata.
(C, D)The resultsofinhibitingsecretorypathwayswithbrefeldin A(BFA) treatments ordominantnegativemutations(ex.Sar1,Arf1)onthe
movement of non-tubule-forming (C) and tubule-forming (D) viruses from the ER to the cell periphery. A blue arrow blocked with a red X
denotesthatthesevirusesdo notmove throughtheendomembranesecretorysystem,sinceBFA treatment and/ormutationsdid notinhibit
the movement of these virus proteins to the cell periphery. An unblocked arrow indicates that these virus proteins do move through the
secretorysystem,sinceBFAtreatmentand/ormutationsdiddiminishmovement.V,vacuole;G,Golgiapparatus;N,nucleus;ER,endoplasmic
reticulum; C, chloroplast;Pex,peroxisome;EE, earlyendosome; LE, lateendosome.* TOM1associateswithvacuolarandprobablyERas well
as other unidentiﬁed membranes. These membrane interactions may be mediated by the host membrane-associated protein TOM2A.
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et al., 2005). In addition, VRCs containing the 126-kDa protein
have been shown to move on actin ﬁlaments (Kawakami et al.,
2004; Liu et al., 2005). This movement correlates with ﬁndings
showing that the VRCs are paired across cell walls of adjoining
cells near or at the infection front, but just six cells back from
that front, VRCs are no longer paired and often have moved
from the wall (Sze ´c s ie ta l . ,1 9 9 9 ) .T h ei n v o l v e m e n to fm i c r o -
ﬁlaments in sustained movement has been demonstrated in
studies with latrunculin B (Lat B), a pharmacological agent
that disrupts microﬁlament structure. TMV lesions that de-
velop in Lat B-treated tissues are smaller than those in con-
trol tissues (Kawakami et al., 2004; Liu et al., 2005; Harries
et al., 2009b). Furthermore, silencing of myosin XI-2, a pro-
tein responsible for transport of cargo on microﬁlaments,
also results in a signiﬁcant reduction in lesion size (Harries
et al., 2009b). One possible explanation for the 126-kDa pro-
tein’s involvement in virus movement could be through an
interaction with MP and, as previously noted, both of these
proteins are found in VRCs that form in TMV-infected cells at
or near the infection front. The requirement by TMV for
an additional protein for its movement highlights the fact
that some proteins not classically deﬁned as MPs still have
crucial roles in this activity.
Since both the MP and the 126-kDa protein are known to
associate with membranes and are involved in virus move-
ment, it is reasonable to consider that the ER is a conduit
through which vRNA is moved to the PD through interactions
with the MP and 126-kDa protein. Indeed, as noted, the ER
spans the cytoplasm and passes through the PD. Guenoune-
Gelbart et al. (2008) suggested that diffusion of TMV vRNA
and MP (and possibly other components) through the ER
withinthePDmaybeamechanismtofacilitateTMVcell-to-cell
spread. These authors utilized ER lumen and membrane
markers to show that both viral replicase components, the
126 and 183-kDa proteins, as well as the MP were required
for maximum ﬂow between cells. Further evidence for the in-
volvement of the ER in intracellular spread can be seen in the
ﬁndingthattheintercellularmovementofTurnipveinclearing
virus (TVCV), a virus closely related to TMV, is insensitive to dis-
ruption of actin ﬁlaments or microtubules (Harries et al.,
2009b). The absence of any cytoskeletal requirement by TVCV
for movement suggests that this virus may utilize membrane
transport alone for its motility. For TMV, it is possible that
a membrane association is a basic requirement and the cyto-
skeleton an added requirement for its intercellular movement,
the latter as noted in the previous paragraph. Indeed, it was
shown that TMV does not require intact microﬁlaments early
during intercellular spread (ﬁrst 24 h), but does require them
for sustained virus intercellular movement (2–6 d post infec-
tion; Hofmann et al., 2009; Harries et al., 2009b). Microﬁla-
ments may still modulate early spread of TMV, since normal
virus spread requires full membrane ﬂuidity, free of excessive
microﬁlament-mediated membrane anchoring (Hofmann
et al., 2009).
The ﬁnding that both the replicase and MP of TMV are
needed for maximum transport of membrane and ER lumen
markers through the PD raises the interesting possibility that
TMV vRNA could be transported by multiple proteins and via
multiple mechanisms at different times during a single infec-
tion. For example, the replicase proteins might act to shuttle
TMV RNA along cytoskeletal and membrane elements to the
PD, where the RNA is passed off to the MP for intercellular
transport, possibly through membrane diffusion (Epel,
2009). Or it is possible that a membrane-assisted transport sys-
tem involving the MP and replicase trafﬁcs TMV RNA to the PD
and that the actinomyosin network in conjunction with the
replicase is need to transport the VRC from the PD back to
the interior of the cell for further modiﬁcation (degradation
or virus replication). The possibility for multi-protein shuttling
of vRNA or virions is certainly not exclusive to TMV, as we dis-
cuss in some detail for other viruses.
Indeed, although membranes and phosphorylation have
a role in TMV movement, the method by which TMV MP itself
arrives at the PD remains a mystery. Treatment of cells with bre-
feldin A (at low concentrations, 10 lgm l
1), which generally
inhibits COP-II and COP-I-mediated transport, did not inhibit
MPtransport tothePDwhether expressed ectopicallyorduring
virusinfection(TagamiandWatanabe,2007;Wrightetal.,2007;
Genoves et al., 2010). In addition, intercellular transport of
tobamoviruses was not inhibited by BFA treatment nor by over-
expression of a defective coat GTPase, Sar1p, which inhibits the
COP-II transport system speciﬁcally (Tagami and Watanabe,
2007;Genovesetal.,2010).HigherconcentrationsofBFA(50 lg
ml
1 and above) did disturb both the ER network and move-
mentofMPtothecellwalleitherduringvirusinfectionorwhen
expressed ecotopically (Heinlein et al., 1998; Wright et al.,
2007). This suggests that the MP utilizes the ER but not the
COP-II vesicle trafﬁcking system to reach the cell wall.
Genus Dianthovirus
The subcellular localization of the MP of Red clover necrotic
mosaic virus (RCNMV) has provided further insights into
how a viral RNA might be transported from the ER to the
PD. RCNMV is a bipartite positive-stranded RNA virus and
a member of the family Tombusviridae. It encodes an MP with
sequence and functional characteristics similar to the TMV MP.
For example, the RCNMV MP can bind single-stranded RNA,
increase the SEL of the PD, and is localized to the cell wall
(Osman and Buck, 1991; Fujiwara et al., 1993; Giesman-Cook-
meyer and Lommel, 1993; Tremblay et al., 2005). Furthermore,
the MPs of TMV and RCNMV can be exchanged between
viruses for functional complementation (Giesman-Cookmeyer
et al., 1995). Like the TMV MP, an RCNMV MP–GFP fusion
expressed from a virus ﬁrst appeared at the cell wall, but
was subsequently found at the ER as punctate spots that co-
localized with the RCNMV 27-kDa replicase component (Kaido
et al., 2009). However, the RCNMV MP–GFP fusion expressed
ectopically was localized exclusively to the cell wall. It was
determined that the ER localization of the MP–GFP was
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RNA2 or the replicase alone. This laboratory later determined
that the C-terminal 70 amino acids of the RCNMVC MP were
crucial for ER localization of the MP–GFP fusion and for inter-
cellular movement of the recombinant virus that encoded the
MP. Importantly, however, the C-terminal deletion did not al-
ter the ability of the MP to increase the SEL of the PD, bind
ssRNA, or bind ssRNA in vitro (Kaido et al., 2011). This very
important observation suggests that ER localization of the
MP–GFP is required for RCNMV to move between cells, even
thoughotherfunctionstypicallyassociatedwithMPswereintact.
Genus Carmovirus
In addition to the MPs that belong to the 30K superfamily,
other types of MPs encoded by RNA viruses in the Tombusvir-
idae have been shown to associate with the ER. For example,
some membersof the Carmovirusgenus encode twosmall pro-
teins of 7 and 9 kDa that are both necessary for virus intercel-
lular movement and are unrelated to the MP of TMV. They
have been studied for their association with membranes.
For example, the 9-kDa MPs from Carnation mottle virus
(CarMV) and Turnip crinkle virus (TCV) were shown through
in vitro studies to insert into ER without the aid of additional
viral or plant host components (Vilar et al., 2002; Martı ´nez-Gil
et al., 2010). This ability to insert into membranes in vitro was
not observed for the TMV MP (referenced in Heinlein et al.,
1998). Both the CarMV and TCV 9-kDa MPs contain two mem-
brane-spanning domains, and it has been shown with the
CarMV MP that both the N- and highly charged C-termini of
its MP faced the cytoplasm, in theory to bind the soluble,
RNA-bound viral 7-kDa protein through their b-sheet domains
to complete virus intercellular movement. The p8 protein of
TCV,whichisahomologoftheCarMV7-kDaprotein,alsoasso-
ciates with membrane structures (Li et al., 1998). Interestingly,
the N and C-termini of the TCV 9-kDa MP faced the lumen
(Martı ´nez-Gil et al., 2010), which leads to speculation as to
how it interacts with the TCV p8 protein, presumed to be in
the cytoplasm. The authors did not rule out the possibility that
the protein has other orientations in vivo. Integration of
these MPs intothe ERwas determinedtobethrough a co-trans-
lational and signal recognition particle-dependent fashion
(Saurı ´ et al., 2005; Martı ´n e z - G i le ta l . ,2 0 1 0 ) .B o t hS e c 6 1 a and
the translocating chain-associated membrane protein bind
the transmembrane domains of the 9-kDa proteins.
Interestingly, there are even differences in the membrane
topologies of MPs within the Carmovirus genus. The 7-kDa
MP of a second member of the genus Carmovirus, Melon ne-
crotic spot virus (MNSV), was determined to have a single
membrane-spanning domain, with its N-terminus in the cyto-
plasm and C-terminus in the lumen (Martı ´nez-Gil et al., 2007).
These studies, like those described for CarMV, were conducted
utilizing in vitro translation or overexpression of fusion pro-
teins in E. coli and not in planta. It will be worthwhile to de-
termine whether these ﬁndings apply in the natural host of
these viruses.
Genus Tombusvirus
In contrastto thecarmoviruses,researchwitha different mem-
ber of the family Tombusviridae has highlighted the intricate
involvement of membranes in the process of viral replication.
Tombusviruses are also monopartite sense-stranded RNA
viruses, like TMV and the carmoviruses, but they encode two
viral proteins that inﬂuence their movement that are different
from those of the other viruses. The p22 protein of Tomato
bushy stunt virus (TBSV) is its classical MP. This protein parti-
tioned with crude membrane fractions (e.g. Desvoyes et al.,
2002). The p19 protein, which inﬂuences spread of TBSV in
some hosts and is a suppressor of silencing, is a soluble protein
(Scholthof et al., 1995). TBSV is one of two plant viruses, the
otherbeing Bromemosaic virus(BMV),that has beenmodiﬁed
toreplicateinyeast(e.g.PanavasandNagy,2005).Utilizingthe
extensive yeast knockout library, genes encoding multiple
membrane-associated proteins were determined to be neces-
sary for virus accumulation. Although their function in move-
ment versus virus replication and their association with
particular virus components require further study, it is impor-
tant to note that four groups of proteins involved in lipid me-
tabolism, membrane-association, vesicle-mediated transport,
or vacuolar targeting were obtained. Within the latter three
groups, proteins were identiﬁed that inﬂuenced transport
to the ER, Golgi, or vacuoles, as well as those necessary for
membrane fusions or that act as transporters across mem-
branes (reviewed in Nagy and Pogany, 2010). The Nagy labo-
ratory has further studied the involvement of multiple ESCRT
(endosomal sortingcomplexesrequiredfor transport)proteins
in virus replication (Barajas et al., 2009). Dominant negative
construction of plant-derived Vps23p, Vps24p, Snf7p, and
Vps4p inhibited virus accumulation in the plant host. The
Vps23p protein, which, in yeast, is recruited to targeted cargo
proteins, interacted with the p33 viral replication protein. In
the absence of Vps23 and Vps24 in yeast, the RNA was more
susceptible to degradation, thus suggesting that the replica-
tion complex at the peroxisome did not form correctly and
was susceptible to degradation. McCartney et al. (2005) deter-
mined that the p33 protein targets from the cytosol to perox-
isomes and later to a peroxisomal ER subdomain. This sorting
was disrupted by co-expression of a dominant-negative inhib-
itor of Arf1, which inhibits the formation of COP-I complexes
andtrafﬁckingbetweenERandGolgiingeneral.Thus,p33tar-
geting appears to depend on maintaining an ability to form
vesicles. Research with TBSV has thus contributed to a greater
understandingoftheroleofhostmembranesatthesiteofrep-
lication, essentially the starting point of the virus’s journey to
the PD. It will be important to determine what direct role, if
any, these and the other membrane trafﬁcking proteins that
are less studied have in virus intracellular movement.
Triple Gene Block Viruses
A large number of helical RNA viruses (nine genera represent-
ing three families: Alphaﬂexiviridae, Betaﬂexiviridae, and
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ing of three open reading frames in their genome. This con-
served genetic module of genes, called the triple gene block
(TGB), encodes proteins that function together in a regulated
manner to enable intercellular movement of these viruses.
There are two major classes of TGB modules, referred to as
potex-like (for Potato virus X (PVX) as type member) and hor-
dei-like(forBarleystripemosaicvirus(BSMV) astypemember).
Although many similarities exist between these two groups in
the activities of their TGB proteins, signiﬁcant differences also
exist. The TGB-containing viruses now are perhaps the most
intensively studied group of viruses for plant intercellular
movement activity. Because of the complexity of the ﬁndings
withtheseviruses,thereaderisadvisedtoreadreviewswritten
speciﬁcally for these viruses (e.g Verchot-Lubicz et al., 2010).
We present in the following paragraphs an overview of the
membrane interactions displayed by these proteins and also
discuss how they interact with each other to allow virus intra-
cellular and intercellular movement. It is interesting to note
that the single MPs encoded by viruses such as TMV can be
interchanged with the TGB proteins and still support move-
ment of the recombinant viruses (Solovyev et al. 1996b; Solo-
vyev et al. 1997; Ajjikuttira et al., 2005). This indicates some
independence between movement and replication functions
for the TGB proteins from these viruses (Verchot-Lubicz
et al., 2010); however, it is more often the case that moving
individual open reading frames, even within the TGB-contain-
ing viruses, leads to greatly reduced or no intercellular move-
mentbytherecombinant(e.g.Limetal.,2008).Thus, although
moving MPs and movement-associated proteins between
viruses within or between genera and even families can some-
times provide necessary functions for intracellular and inter-
cellular movement of the complimentary virus, they are
likely not optimized for function in the non-native system.
The TGB proteins are identiﬁed as TGB1, TGB2, and TGB3:
the order in which they appear on the virus genome. Their
open reading frames overlap with one another (1 with 2
and 2 with 3). TGB1s for all of these viruses bind RNA and have
NTPase/helicase activity (e.g. Donald et al., 1997; Kalinina
et al., 2002; Leshchiner et al., 2006; Makarov et al., 2009). In-
terestingly, the potexvirus TGB1 can move independently
within the cell while the TGB1 of the hordei-like viruses
requires TGB2 and TGB3 for its movement (reviewed in Ver-
chot-Lubicz et al., 2010). Although it has been reported that
a hordei-like GFP–TGB1 fusion does align with perinuclear
membranes and form punctae at the plasma membrane (Law-
rence and Jackson, 2001), most studies on both hordei-like and
potex-like viruses indicate that TGB1s are located in the cyto-
plasm or nucleoplasm (e.g. Liou et al., 2000; Zamyatnin et al.,
2004; Wright et al., 2010). For the TGB1 from Potato mop-top
virus (PMTV), the N-terminal 84 amino acids are sufﬁcient for
localization to the nucleolus (Wright et al., 2010). However, re-
cently it was determined that a small hydrophilic plasma mem-
brane protein, remorin, inhibited the movement of PVX and
that this protein interacts with TGB1 from this virus (Raffaele
et al., 2009). Thus, at least for this potex-like virus, there is an
indication of an association of its TGB1 with a membrane. For
both groups of viruses, TGB2 and TGB3 are integral membrane
proteins (reviewed in Verchot-Lubicz et al., 2010). TGB2 pro-
teins are from 12 to 14 kDa, have signiﬁcant sequence similar-
ity, and two predicted trans-membrane domains with
a conserved hydrophilic loop (Morozov and Solovyev, 2003).
Results from multiple studies have predicted that TGB2 pro-
teinsformaU-shapedmembranedomainwiththecentralcon-
necting loop in the ER lumen (e.g. Zamyatnin et al., 2006; Hsu
et al., 2008). Consistent with these ﬁndings are the results from
Zamyatnin et al. (2006), who used bimolecular ﬂuorescence
complementation (BiFC)todeterminethat theN-and C-termini
of a hordei-like TGB2 protein were located in the cytoplasm. A
potex-like TGB2 was shown to have a similar topology in yeast
(Leeetal.,2010).TheTGB2proteinshavebeenreportedtobind
RNA in a sequence non-speciﬁc manner and some TGB2s in-
creased the PD SEL (e.g. Tamai and Meshi 2001; Haupt et al.,
2005; Hsu et al., 2009). At least some associate with the micro-
ﬁlament network (e.g. Haupt et al., 2005; Ju et al., 2005). TGB3
sequences are poorly conserved across these viruses and range
in size from 7 to 24 kDa (reviewed in Verchot-Lubicz et al.,
2010). The larger TGB3s, associated with the hordei-like viruses,
have two trans-membrane domains with a central hydrophilic
region(Solovyev etal.,1996a).Earlycomputermodeling placed
the N and C-termini oftheseproteinsintheER lumen;however,
results from a later study indicatethat the N-terminus andlikely
theC-terminusareinthecytoplasmforPMTVTGB3expressedin
planta (Tilsner et al., 2010). The hordei-like 15-kDa TGB3 from
abenyvirusalsohastwotrans-membranedomains but lacks the
conserved N-terminal cysteine-rich region observed on the
larger TGB3s (e.g. Morozov and Solovyev 2003). The small
TGB3s from potex-like viruses, of 7–8-kDa mass, have a single
trans-membrane domain, with the C-terminal portion of the
protein predicted to sit in the cytosol. Mutational analysis sup-
ports the presence of the N-terminal trans-membrane domain
and the C-terminalcytosolic domain (e.g. Krishnamurthy et al.,
2003). Additionally, a TGB3 from a second potex-like virus
appearedtohaveitsN-terminusintheERlumen,althoughthis
study was conducted in yeast rather than in a plant (Lee et al.,
2010). The TGBp3 of the hordei-like PMTV increases the SEL of
PD (Haupt et al., 2005).
TGB proteins are known to interact with each other. For ex-
ample, interactions between the BSMV TGB3 and TGB1 have
been observed from yeast extracts and the residues necessary
for BSMV or PMTV TGB2 and TGB3 interactions have been
mapped to the central hydrophilic loops of both proteins
(Cowan et al., 2002; Lim et al., 2008). Interactions between
TGB2 and TGB3 have some superﬁcial similarity to the interac-
tions observed between the Carmovirus 9 and 8-kDa proteins,
in that TGB2 has RNA binding ability like the 8-kDa protein,
but they differ in that both of the TGB proteins have trans-
membrane domains. No interaction was observed between
TGB2 and TGB1 (Cowan et al., 2002; Lim et al., 2008). For
the potex-like TGBs, no deﬁnitive interaction between the
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ever, there is some evidence that TGB2 interacts with itself dur-
ing in vitro assays (e.g. Hsu et al., 2009).
Although the membrane localization and RNA binding
attributes of, and interaction capacity for, many TGBs are docu-
mented, it is not known how these proteins function together
to transport viral RNA within or between cells (Verchot-Lubicz
et al., 2010). The composition of the viral movement complex
of the TGB viruses is not known and the possibility exists that
TGB proteins may move independently and in advance to the
PD area to prepare the site for virus transport. Certainly, for
s o m eo ft h eT G B - c o n t a i n i n gv i r u s e s ,T G B 2a n d3a r en e e d e d
to passage TGB1 to the PD, but TGB2 and 3 do not move be-
tween cells (e.g. Zamyatnin et al., 2004; Haupt et al., 2005;
Schepetilnikovet al.2005).TGB2froma potex-likevirus inter-
a c t e dw i t hab-1,3 glucanase responsible for callose degrada-
tion at the PD (Fridborg et al., 2003) and, thus, although it
does not move between cells, it modiﬁes the PD to perhaps
aid viral RNA movement. TGB3 from PVX targeted GFP-fused
TGB2 to peripheral bodies and GFP-TGB3 formed peripheral
bodies in a COP-II independent manner when expressed
alone (Solovyev et al. 2000; Schepetilnikov et al. 2005). The
TGB3 from the potex-like Bamboo mosaic virus (BaMV) di-
rected the BaMV TGB2 from ER-like structures also to periph-
eral bodies (Lee et al., 2010). Peripheral bodies containing
TGB3 resided in tubules containing the ER-shaping protein,
reticulon (Lee et al., 2010). A sorting signal in the TGB3 of
BaMV was important for its oligomerization and association
with peripheral ER in yeast and for virus intercellular move-
ment in the plant, Chenopodium quinoa (Wu et al. 2011).
Also, it is known that TGB2 and TGB3 from the hordei-like
PMTV associated with ER and formed motile granules that
used the ER-actin network for intracellular movement (Haupt
et al., 2005). When co-expressed ectopically or during a virus
infection, it appeared that TGB3 was recruited to TGB2
vesicles for a portion of the infection cycle. The TGB3 of PMTV
accumulated at the PD in the absence of TGB2. For the BSMV
and PMTV TGB proteins, it was clear that deviations in their
expression ratios signiﬁcantly inﬂuenced virus movement
(Lim et al., 2008; Tilsner et al., 2010). Although not discussed
in detail, it is important to note here that some observations
regarding virus protein interactions may have more to do
with retrieval of viral and host factors from the PM for reuse.
F o re x a m p l e ,a tl e a s tas u b s e to ft h eT G B 2v e s i c l e sa r e
thought to be derived from the PM through treatment of
tissue with FM4-64, a ﬂuorescent marker that initially labels
PM (Ueda et al., 2001; Haupt et al., 2005). Also, TGB2 co-lo-
calized in vesicles with a Rab5 ortholog, Ara7, that is
a marker for the early endosome and it interacted with
a J-domain chaperone that is essential for endocytic trafﬁck-
ing in other organisms (Haupt et al., 2005). It will be impor-
tant to further understand the characteristics of each TGB
protein; for example, does the hordei-like TGB2 bind RNA
and reside in the virus movement complex (Verchot-Lubicz
et al., 2010)?
Genus Potyvirus
For members of the Potyviridae, a large and economically im-
portant family of monopartite RNA viruses, there have been
several breakthrough experiments showing a relationship of
virally encoded proteins with membranes and intracellular
transport. Potyviruses encode two membrane-associated pro-
teins,the6-kDaprotein(6K2)andtheP3protein(Schaadetal.,
1997; Eiamtanasate et al., 2007). Vesicles containing the 6K
protein are the site for potyvirus genome replication (Cotton
et al., 2009). Both of these proteins, here encoded by either
Tobacco etch virus or Turnip mosaic virus (TuMV), now have
been shown to produce mobile granules when ectopically
expressed in cells (Wei and Wang, 2008; Wei et al., 2010b;
Cui et al., 2010). These researchers also determined that this
mobility was associated with the actomyosin network. The
6K2 granules were determined to associate with the ER exit
sites (ERES) through their co-localization with Sec23 and
Sec24, known markers for this location (Wei and Wang,
2008).ThisimpliedaninteractionwiththeCOP-IItransportsys-
tem. Co-expression of dominant-negative mutants of Sar1 and
Arf1, the coat GTPases for COP-II- and COP-I-mediated trans-
port,orofRabD2a,aGTPaseinvolvedinvesicledockingduring
ER/Golgi transport, inhibited localization of 6K2 at the ERES
further implicating vesicular trafﬁcking as part of the trans-
port system for this protein. Similar ﬁndings were obtained
for the P3 protein and, additionally, it was determined that
P3 inclusions co-localized with 6K2 vesicles (Cui et al., 2010).
The 6K2 vesicles were predominantly targeted to chloroplasts
and thus the vesicular trafﬁcking pathway was postulated to
involve movement of 6K2-containing vesicles from the ER to
the chloroplasts (Wei et al., 2010b), an unusual direction for
membrane transport. The P3 protein was not previously asso-
ciated with potyvirus movement, but it was known to interact
with the P1 protein, the MP for these viruses (Carrington et al.,
1998; Merits et al., 1999). Earlier studies determined that poty-
viral replication complexes are mobile (Cotton et al., 2009) and
thus it appears that intracellular movement of the potyvirus
replication complex, containing 6K2 and P3 and associated
at least at times with the MP, occurs for this virus. This again
points out a link between virus replication complexes and in-
tracellular movement. An interaction at the PD between the
viral cylindrical inclusion (CI) body protein, which was known
to be involved in potyvirus intercellular movement, and the
viral P3N-PIPO protein appears essential for locating the CI
protein of TuMV to the PD (Wei et al., 2010a). The early secre-
torypathway(COP-II)ratherthantheactinomyosinsystemwas
required for delivery of P3N-PIPO and P3N-PIPO with CI to the
PD as brefeldin A and a mutant of Sar1 both inhibited trans-
port (Wei et al., 2010a). The association of CI with the wall was
transient and this transient association of a viral protein com-
plex with the cell wall is similar to the transient association of
the TMV VRC with the cell wall (Sze ´csi et al., 1999). During
TuMV infection, the coat protein of the virus also associated
with the CI and P3N-PIPO complex as had been seen for other
820 | Schoelz et al. d Intracellular Virus MovementCIcomplexesandaswasexpectedbasedontherequirementof
the CP for intercellular movement by this virus (Wei et al.,
2010a).
Genus Closterovirus
Beet yellows virus (BYV) is a member of the Closterovirdae,
a family mostly composed of monopartite RNA viruses with
large genomes of 15–20 kb. For BYV, there are ﬁve proteins
involved in intercellular movement (Peremyslov et al.,
1999; Alzhanova et al., 2000). Of these ﬁve proteins, the
HSP70h and p6 protein have been characterized as associated
withmembranes.TheHSP70hhasbeenlocatedatmodestlev-
els to vesicles and the chloroplast (Medina et al., 1999). The
p6 protein, which is considered this virus’s conventional MP,
was associated with the rough ER during either p6
overexpression or virus infection (Peremyslov et al., 2004).
This protein was determined to have a single span trans-
membrane N-terminal domain and a C-terminal domain that
is present in the cytoplasmic face of the ER (Peremyslov et al.,
2004; Zamyatnin etal.,2006).How the membrane interaction
displayed by the p6 protein is related to virus movement is
unknown. In addition, how this protein and the HSP70h
protein function together with the other three movement-
associated proteins from this virus remains to be determined.
Other Viruses not Known to Form Tubules
Recentworkinvolvingthreeotherviruses,oneaminus-sense
monopartite RNA virus, the second a four-part minus-sense
RNAvirus, andthethirdasingle-strandedDNAvirus,hasfur-
ther shed light on virus movement and membrane. Sonchus
yellow net virus, a member of the Rhabdoviridae family, enc-
odes a putative MP, sc4, and a nucleocapsid protein, N, that
interact with host proteins associated with membranes and
microtubules (Min et al., 2010). These interactions were
identiﬁed through yeast two-hybrid screens and their inter-
action was veriﬁed in plants using BiFC assays. The authors
hypothesizedthat amovementcomplexinvolvingtheseviral
and host proteins and viral RNA transports within the cell
from the nuclear export site to the PD. Rice stripe virus,
a member of the genus Tenuivirus, encodes a putative MP,
NSvc4, which moves between cells (Xiong et al. 2008). This
protein, as a C-terminal fusion with YFP, utilizes COP-II
and myosin VIII-mediated systems to reach the PD during
its ectopic expression (Yuan et al. 2011). Cabbage leaf curl
virus (CaLCuV), a member of the Geminviridae family, enco-
des an MP that, like other geminivirus orthologs of this pro-
tein, is necessary for intercellular movement of this DNA
virus (Sanderfoot et al., 1996; Rojas et al., 2001). It was re-
cently determined that a plant synaptotagmin, a member
of a family of clathrin-associated, SNARE-interacting trans-
port proteins (Bassham et al., 2008), interacts with the CaL-
CuV intercellular MP and knockdown of its activity delayed
virus systemic infection and intercellular spread of the MP
(Lewis and Lazarowitz,2010). A dominant-negative synapto-
tagminmutantdepletedPM-derivedendosomesandyielded
large intracellular vesicles attached to the PM. The authors
suggested that the plant synaptogamin regulates endocyto-
sis and this recycling pathway is required for virus move-
ment. Interestingly, this same synaptotagmin interacted
with the TMV MP and down-regulation of its expression
inhibited the intercellular spread of this virus. Thus, there
may be commonality in the transport requirements between
an RNA virus and a DNA virus.
INTRACELLULAR MOVEMENT OF PLANT
VIRUSES WITH MPS ASSOCIATED WITH
TUBULE FORMATION
Several genera of plant viruses move from cell to cell as virions
or nucleocapsid complexes by inducing a drastic modiﬁcation
of the PD into tubules. The changes to PD structure induced by
the tubule formers involves the elimination of the desmotu-
bule (reviewed in Benitez-Alfonso et al., 2010; Niehl and Hein-
lein, 2011) and an increase in the effective PD SEL from 5 to up
to 50 nm (Kitajima and Lauritis, 1969; Lucas et al., 1993). The
removal of the desmotubule from the PD indicates that the
endomembrane system is not involved during the act of inter-
cellular transport by these viruses, although it may be neces-
sary for intracellular movement from the site of virion
assembly to the tubule. Virus genera with members utilizing
tubules for intercellular movement include the Caulimovirus,
Comovirus, Tospovirus, Bromovirus, and Nepovirus (Kitajima
and Lauritis, 1969; van Lent et al., 1991; Perbal et al., 1993;
Ritzenthaler et al., 1995; Storms et al., 1995; Kasteel et al.,
1997; Melcher, 2000). With viruses such as the RNA-based
comovirus, Cowpea mosaic virus (CPMV), and the DNA-based
caulimovirus, Dahlia mosaic virus, electron micrographs
revealed virions in single ﬁle within the tubules (Kitajima
and Lauritis, 1969; van Lent et al., 1991). It has been demon-
strated with a number of viruses including Cauliﬂower mosaic
virus (CaMV), Tomato spotted wilt virus (TSWV), CPMV, and
Grapevine fanleaf virus (GFLV) that the MPs are necessary
and sufﬁcient for the formation of tubule structures (van Lent
et al., 1991; Perbal et al., 1993; Ritzenthaler et al., 1995; Storms
et al., 1995). In fact, the expression of the MP gene of these
viruses in protoplasts will result in the elaboration of tubules
from the surface of the protoplast into the medium. However,
it is largely unknown how the virions or nucleoprotein com-
plexes make their way from their site of assembly and accumu-
lation in the cytoplasm to the plasma membrane where
tubules develop. With each of the viruses in this section, we
discussthelikelyviralproteincandidatesthatcouldhavearole
in intracellular movement.
Genus Caulimovirus
It is well established that the CaMV MP accumulates in foci at
the PM in protoplastsand is the only viral protein necessary for
the formation of tubules through which CaMV virions move
(Perbal et al., 1993; Kasteel et al., 1996; Huang et al., 2000).
To date, the CaMV MP has been shown to physically interact
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et al., 2001b). The protein, MP17, was identiﬁed in a yeast
two-hybrid screen of Arabidopsis thaliana proteins. It belongs
to the PRA1 gene family in Arabidopsis, a family of proteins
that regulate vesicle trafﬁcking between different cellular
compartments including the Golgi, ER, and endosomes (Kamei
et al., 2008). MP17 co-localizes with the CaMV MP in punctate
spots at the initiation sites of tubules, and mutations in the
CaMV MP that abolish cell-to-cell movement also abolish its
interaction with MP17 (Huang et al., 2001b). Treatment of pro-
toplasts with cytoskeletal assembly inhibitors had no effect on
tubule formation or on the trafﬁcking of a CaMV GFP–MP to
foci at the cell periphery, whereas brefeldin A treatment
inhibited tubule formation but not the development of foci
(Huang et al., 2000). These results suggested that the cytoskel-
eton was not involved in movement of the MP to the cell pe-
riphery, but that the endomembrane system may be necessary
for tubule formation.
The CaMV MP also physically interacts within PD with a PD-
located protein (PDLP1) (Amari et al., 2010; Fernandez-Calvino
et al., 2011). PDLP1 is found at the PD-associated membrane,
with its N-terminus in the apoplast and its C-terminus in the
cytoplasm. PDLP1 belongs to a small gene family of Arabi-
dopsis proteins that modulates cell-to-cell trafﬁcking and it
is targeted to the PD through the secretory pathway in
a COP-II-dependent manner (Thomas et al., 2008). Cytological
evidence suggests that PDLPs interact with the MP of CaMV
and with the MP of the unrelated virus, GFLV, at the base of
tubules (Amari et al., 2010). Inoculation of CaMV to Arabidop-
sis plants in which PDLP1, PDLP2, and PDLP3 genes were
mutated resulted in signiﬁcantly fewer plants that developed
systemic symptoms by 21 dpi. The authors concluded that
intercellular virus movement was impaired, because replica-
tion of CaMV in protoplasts of the triple mutant was compa-
rable to replication in wild-type Arabidopsis protoplasts
(Amari et al., 2010).
Although the CaMV MP is responsible for the formation of
tubules through which CaMV virions move, the MP does not
appear to physically interact with virions. Instead, the inter-
action between virions and MP is mediated by the CaMV P3
protein,a15-kDaproteinrequiredbothforintercellularmove-
ment and aphid transmission (Leh et al., 1999; Stavolone et al.,
2005). The P3 protein forms a rod-like tretramer structure in
which the C-terminus of the protein is anchored to virions
(Leclerc et al., 1998, 2001; Leh et al., 2001). The N-terminus
of P3 forms a coiled-coil domain that interacts with a trimer
of the MP (Stavolone et al., 2005). Immunogold labeling
and electron microscopy have shown that MP and P3 co-local-
ize with virions only within PD. Indeed, Stavolone and co-
workers (2005) suggest that the complex of P3 and virions
travels to the PD independently from the MP.
All of these ﬁndings involve observations at or around the
PD, so the question remains as to how the CaMV genome gets
tothislocationfromitsreplicationsiteinthecell.Itisgenerally
accepted that CaMV virions in the cytoplasm are found within
large, amorphous inclusion bodies that are composed of the
CaMV P6 protein (Li and Leisner, 2002; Haas et al., 2005).
The P6 protein is a multifunctional protein that has roles in
the development of chlorotic symptoms (Daubert et al.,
1984; Baughman et al., 1988) and host range (Daubert
et al., 1984; Schoelz et al., 1986), as well as expression of genes
on the 35S RNA (Ryabova et al., 2002) and suppression of gene
silencing (Love et al., 2007). No subcellular structures had been
shown to be associated with P6 inclusion bodies until Harries
et al. (2009a) demonstrated that P6 inclusion bodies actually
co-localize with the ER, microtubules, and actin microﬁla-
ments. Harries et al. (2009a) expressed GFP-tagged P6 protein
through agroinﬁltration in Nicotiana species and showed that
the P6–GFP inclusions are capable of movement on microﬁla-
ments. In addition, treatment of N. edwardsonii leaves with
LatBabolishedCaMVlocallesions,suggestingthatactinmicro-
ﬁlaments are necessary for lesion formation. Microtubules do
not appear to have a role in movement (Harries et al., 2009a)
andit is not yet known whetherthe ER is involved. SincetheP6
inclusion bodies themselves are capable of movement in the
cell, it is plausible that P6 inclusion bodies, or perhaps much
smaller aggregates of the P6 protein and virions, could deliver
the virions to the tubules for movement to adjacent cells. Sig-
niﬁcantly, the C-terminal portion of the P6 protein interacts
with the coat protein (CP; Himmelbach et al., 1996; Ryabova
et al., 2002) whereas the N-terminus of P6 interacts with the
MP (Hapiak et al., 2008), so it is tempting to speculate that
the P6 protein might facilitate transfer of virions to the MP lo-
calized at the tubules.
Genus Nepovirus
In contrast to CaMV MP, the nine-terminal amino acids of the
MP of the nepovirus GFLV interact with its virus CP directly
(Belin et al., 1999). In infected plants, the GFLV virions can
be found in crystalline and paracrystalline arrays in the cyto-
plasm (Savino et al., 1985). GFLV induces the formation of
a perinuclear compartment where it replicates on membranes
derived from the ER (Ritzenthaler et al., 2002). Although the
GFLVMPcouldpotentiallytransporttheGFLVvirionstothecell
periphery for transfer through the tubules, this has not been
proven. Ritzenthaler and coworkers (2002) have suggested
that MP may initially be synthesized within the perinuclear
compartment, because it initially is produced as part of a poly-
protein that includes the CP (Margis et al., 1993). However, the
GFLV CP was detected in the perinuclear compartment,
whereas the MP was almost exclusively found in the tubules
(Ritzenthaler et al., 2002). These observations suggest, but
do not prove, that GFLV CP and MP utilize independent mech-
anisms to travel to the sites of tubule formation.
Furthermore, it is not clear how the GFLV MP itself is traf-
ﬁcked to the PD to initiate the formation of tubules. Tubule
development in tobacco BY-2 cells expressing GFLV MP is
inhibited by brefeldin A, indicating an involvement of the se-
cretory pathway (Laporte et al., 2003). In addition, oryzalin
treatment results in the abnormal localization of tubules,
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ing of MP to cross walls. The GFLV MP co-immunoprecipates
with KNOLLE, a member of a family of t-SNARE proteins for
vesicle-mediated trafﬁcking (Laporte et al., 2003). Although
the association of KNOLLE with GFLV MP might explain how
MP reaches the cell periphery, its exact role in viral movement
has yet to be elucidated. The GFLV MP protein also interacts
with PDLPs at the base of tubule, but the PDLPs are not
thought to have a role in trafﬁcking of MP to the PD (Amari
et al., 2010). Since PDLPs also co-localize with the MP of CaMV,
Amari and coworkers (2010) speculated that they might be
universal targets for localization of tubule-forming MPs to
the cell membrane, but this hypothesis will need to be veriﬁed
with other tubule-forming viruses. These studies with GFLV
have focused more on host proteins necessary for tubule
formation and perhaps trafﬁcking of the MP itself to the cell
periphery rather than the intracellular movement of GFLV
virions to the tubules.
Genus Comovirus
CPMV is a comovirus that is distinguished from most of the
viruses in this review in that its genome encodes two coat pro-
teins: the large (37-kDa) CP and the small (23-kDa) CP. Interest-
ingly, the C-terminus of the 48-kDa MP of CPMV interacts with
the large CP but does not bind to the small CP (Carvalho et al.,
2003). Furthermore, a deletion of the C-terminal 48 amino
acids of the CPMV MP abolished the interaction between
MP and large CP, but did not affect tubule formation. The
MP deletion mutant formed empty tubules and the virus car-
ryingthedeletion couldnot move betweencells (Lekkerkerker
et al., 1996). This study showed that the interaction between
CPMV MP and large CP was necessary for virus intercellular
movement, but it did not determine whether the MP–large
CPinteractionwasrequiredforintracellularmovementoronly
interactions at the PD.
Regarding virus replication, CPMV induces the formation of
amorphous inclusion bodies that contain small membraneous
vesicles (de Zoeten et al., 1974; Carette et al., 2000). The inclu-
sionbodiesarefrequentlyfoundnexttonucleiandarethought
to be constructed on ER membranes which proliferate in cow-
pea cells infected with CPMV (de Zoeten et al., 1974; Carette
et al., 2000). Carette and coworkers (2002a) analyzed the distri-
bution of CPMV RNA, MP, and CP in protoplasts at 36 h post in-
oculation (hpi). At this time point, the viral RNA accumulatedin
the large inclusion body, whereas an antibody that recognized
boththe 48-kDaMP and co-C-terminal58-kDaprotein localized
those proteins to the nucleus. Both viral RNA and the 110-kDa
polymeraseco-localizewiththevesiclesintheinclusionbody,so
it is likely the site for replicationofCPMV (Carette et al.,2002a).
Bycontrast,thevirionsaccumulatedonthecellperipheryrather
than in the inclusion body. We interpret these results to mean
that, after encapsidation, the virions are rapidly transported to
the plasma membrane for movement to adjacent cells. Treat-
ments of protoplasts with the cytoskeleton inhibitors oryzalin
and LatB indicated that microﬁlaments, but not microtubules,
were necessary for formation of the large inclusion body. Care-
tte and coworkers (2002a) suggested that the CPMVreplication
complexes might use the actin network to trafﬁc to and accu-
mulate in the inclusion body.
It is not known exactly how the CPMV virions and MP are
trafﬁcked from the replication site in the inclusion body or
from the nucleus to the modiﬁed PD. Interestingly, at the site
of replication, the CPMV 60-kDa helicase interacts with two
proteins in the VAMP33 family of SNARE-like proteins (most
often VAMPs are v-SNAREs; Bassham et al., 2008) and they
co-localize to the ER-derived vesicles in the inclusion body
(Carette et al., 2002b). However, this may indicate a role for
vesicular membranes in replication rather than movement.
Pouwels et al. (2002) expressed a CPMV MP–GFP construct in
protoplasts to show that development of punctate structures
on the cell periphery was unaffected by LatB, oryzalin, and
brefeldin A. This experiment indicated that neither the cyto-
skeleton nor the secretory system was involved in intracellular
movement of the MP to the plasma membrane, so it is not
known how MP is trafﬁcked to the cell periphery. Of the three
pharmacologicalagents,onlybrefeldin Ainhibitedtubulefor-
mation. The authors speculated that the brefeldin A might in-
hibit the PM-targeting of vesicles containing host elements
required for tubule formation. Signiﬁcantly, Huang and cow-
orkers (2000) obtained the same results when they examined
the effect of pharmacological agents on the capacity of CaMV
MP to form tubules in protoplasts.
Genus Tospovirus
Ofalltheplantvirusesthatutilizetubulesforcell-to-cellmove-
ment, TSWV is unique, because its virions are surrounded by
a membrane of host origin (German et al., 1992). To under-
stand how TSWV moves intra- and intercellularly, it is impor-
tant to examine how virions are assembled in the cell. The
TSWV 29-kD N-protein is the capsid protein; it is tightly bound
to the three genomic RNAs to form large, amorphous nucleo-
capsid aggregates (NCA) as early as 18 h after inoculation (Kik-
kert et al., 1999). For development of the membrane bound
virions,afractionofthenucleocapsidstructuresbecomeenvel-
oped in Golgi cisternae. As the particle matures, the Golgi
membranes are wrapped around the nucleocapsids to form
a double-enveloped particle. The mature, single-enveloped
particle subsequently forms through fusion of double-
enveloped particles with each other or with the ER, and the
two TSWV glyocoproteins Gn and Gc migrate from the ER
to the Golgi complex, where they are incorporated into the
virion membrane (Ribeiro et al., 2009). The membrane-bound
nucleocapsidsarethe formthat is takenup by the thrips vector
for transmission to other plants. However, a large fraction of
thenucleocapsidsarenotdestinedforformationintomembrane-
bound virions, but instead remain localized in the NCAs (Kikkert
et al., 1999). The nucleocapsid particles in the NCA presumably
are responsible for intercellular movement.
Stormsetal.(1995)notedthatthetubulesformedinN.rustica
mesophyll tissue by the TSWV NSm MP had a diameter of 40–
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nm-wide membrane-bound virions. They speculated that the
nucleoproteinparticle was the form thatmovestoadjacentcells
through tubules. Kormelink et al. (1991) showed that the NSm
protein was associated with the NCA, and Soellick et al. (2000)
demonstrated that the NSm and the N capsid proteins physically
interact in a yeast two-hybrid assay. Consequently, the NSm
could be responsible for movement of the nucleoprotein par-
ticles from the NCA to the site of tubule assembly and through
the tubules to the adjacent cell. The NSm protein has been
shownto interactinyeast two-hybrid screens with two different
host proteins: a DnaJ-like chaperone (Soellick et al., 2000; von
Bargenetal.,2001)andAt-4/1,anArabidopsisproteinthatlocal-
izes to punctate spots on the cell periphery (von Bargen et al.,
2001; Paape et al., 2006). Proteins with DnaJ domains have the
capacitytobindtoHsp-70,which,inturn,hasbeenimplicatedin
movement of the Beet yellows closterovirus (Peremyslov et al.,
1999). The interaction of the DnaJ protein with TSWV NSm has
led to speculation that it might mediate trafﬁcking of the NSm
and nucleocapsid protein to tubules (Soellick et al., 2000; von
Bargen et al., 2001). However, the interactions have not been
conﬁrmed in vivo and,moreimportantly,ithasnot beenproven
that the DnaJ protein has a functional role in movement of
TSWV. The At-4/1 protein has been localized to the ER and to
the cell wall in the vicinity of PD (Paape et al., 2006), but, as with
DnaJ, it has not been proven yet to have a functional role in
movement of TSWV. Interestingly, the NSm protein comple-
mented cell-to-cell movement of TMV mutants incapable of this
activity (Lewandowski and Adkins, 2005). This suggests that the
TSWV NSm protein, possibly through interactions with the pro-
teins described above, is able to mimic the function of the TMV
MP and allow TMV to move between cells.
Other Tubule-Forming Viruses
Results from studies with other tubule-forming viruses closely
related to TMV (members of the alphavirus supergroup) also
providetantalizinginformationonmembraneinvolvementdur-
ing virus movement. Cucumber mosaic virus (CMV) 1a protein,
an apparent ortholog to the TMV 126-kDa protein, is required
for CMV intercellular movement and associates with the tono-
plast (Cillo et al., 2002). At this time, it is unknown whether its
membrane association inﬂuences virus movement. The MP of
CMV forms tubules extending from the surface of protoplasts
(Canto and Palukaitis, 2005), but the membrane content (pre-
sumedtoincludeatleasttheplasmamembraneduetolocation)
and interaction of the MP with these structures were not deter-
mined. However, unlike all of the other tubule-forming viruses,
thesetubulesarenotnecessaryforCMVintercellularmovement.
The MP of another member of the alphavirus supergroup that
includes TMV and CMV, Alfalfa mosaic virus (AlMV), localizes to
the ER (Huang and Zhang, 1999). Later studies determined that
a mutant MP that did not fractionate with membrane fractions
also did not go to the PD (Huang et al., 2001a). When transcripts
of this mutant MP were inoculated to transgenic plants express-
ingAlMVreplicase, there wasnoaccumulation of this proteinin
systemic or local tissue around the inoculation site, indicating
this protein lacked movement function. More recently, the
MP of Prunus necrotic ringspot virus, an ilarvirus whose MP
can complement the function of the related AlMV MP, was
shown to contain a hydrophobic region that associated with
a membrane, but did not span it (Martı ´nez-Gil et al. 2009).
Through a mutational analysis it was concluded that the hydro-
phobic region was required for cell-to-cell movement of AlMV
RNA 3 (Martı ´nez-Gil et al. 2009). These ﬁndings are a reminder
that hydrophobic interactions between viral proteins (e.g. MPs)
and plant membranes may not require a transmembrane do-
main for their function.
CONCLUSIONS
There has been an explosion of information in the last
10–15 years about the cellular and molecular mechanisms that
facilitate intra- and intercellular virus movement in plants. For
example, the ﬁnding by McLean et al. (1995) that the TMV MP
interacts with cytoskeletal elements has spawned a large body
of work examining virus–cytoskeletal interactions (reviewed in
Harries et al., 2010; Niehl and Heinlein, 2011). There is now
a rapidly growing list of viral proteins that have been shown
to interact with the cytoskeleton (reviewed in Harries et al.,
2010), although, in many instances, the signiﬁcance of these
interactions for movement remains to be clariﬁed. Similarly,
the discovery that numerous diverse viruses replicate in associ-
ation with membranes (reviewed in Laliberte ´ and Sanfac xon,
2010) raised the possibility that viruses might also utilize host
membranes for their transport. As discussed above, there is
a wealth of valuable information about the interactions be-
tween viruses and membranes and it is clear that many viruses
trafﬁc through the host cell’s endomembrane system. We have
includedaschematicofacellshowingtheassociationofvarious
viral proteins involved in intercellular virus movement with
membranes (Figure 1). An understanding of virus transport is
of obvious interest to virologists and those who wish to amelio-
rate virus infections. However, it may also serve to unlock
a greater understanding of general macromolecular trafﬁcking
inplants. Despite the important recent stridesindissectingvirus
movement, due to the great diversity of plant viruses, there is
no unifying model for virus movement and there is clearly still
much to learn.
Progress in the future will depend in large part upon iden-
tifying additional host factors that interact with virus proteins
and on uncovering additional movement functions of virus
proteins other than MPs. As we discussed above, there is
now evidence from numerous viruses that multiple virus pro-
teins are critical for movement during a single infection. An
attempt to understand the interactions between these pro-
teins and other host factors will be critical if progress is to
be made in understanding virus movement. In particular, iden-
tifying the interaction of virus proteins with speciﬁc host fac-
tors can provide many insights into possible trafﬁcking
mechanisms. Numerous methods are available and have been
824 | Schoelz et al. d Intracellular Virus Movementsuccessfully used to identify virus/host interactors, including
yeast two-hybrid screening (Fridborg et al., 2003; Paape
et al., 2006; Lewis and Lazarowitz, 2010), co-immunoprecipita-
tion (Laporte et al., 2003), and far-Western analysis (Yoshioka
et al., 2004), but validating results in vivo is critical, regardless
of what method is used to identify interactors. For example,
Min et al. (2010) recently screened Sonchus yellow net virus
proteins against an N. benthamiana yeast two-hybrid library
and validated their positive interactions using BiFC. This
approach is particularly powerful because it gives valuable
informationregardingthesubcellularlocalizationoftheinter-
action, which, in turn, may yield more information about the
biological signiﬁcance of these proteins. Beyond the demon-
stration of an interaction in vivo, it is important to determine
its functional importance. It would certainly be worthwhile to
employ a similar approach for other virus proteins in the
future. Since virus genomes contain just a handful of proteins,
the more we understand about the host cell ‘keys’ that allow
viruses to travel to and through the PD ‘doors’, the closer we
will come to gaining a clear picture of the varied mechanisms
utilized by viruses for their movement.
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